This article describes the use of 3D reconstruction for preoperative surgical planning and intraoperative navigation for cortical surgery. Before each surgical procedure, a detailed structural and functional model is reconstructed from magnetic resonance imaging scans and functional mapping modalities. These models, when integrated with direct intraoperative cortical mapping, create an integral 3D map of the cortical surface surrounding the lesion and its relation to the whole brain anatomy. A navigation system is coupled to the surgical field using skin-to-skin registration involving infrared light-emitting diode instrument tracking. This allows accurate guidance in the mapped 3D space. These detailed, patient-specific 3D maps of the brain are used as a method of accurately assessing the surgical approach, determining the potential neurologic risks, and navigating within the brain. One hundred fifty-five patients have been treated with this system for either preoperative planning or surgical navigation. Key Words: Brain surgery-Image-guided surgery-Brain tumors.
HISTORY
One of the biggest challenges a surgeon faces during cortical surgery is preserving normal tissue while maximizing the resection of lesions invading these areas. Although the functional aspects of eloquent cortical areas invaded by tumors may be maintained, the anatomy is often not preserved, thus increasing the risk of postoperative functional deficits. Consequently, the necessity to relate structural and functional information from the scanners to the operating room has become an ongoing concern.
The advent of magnetic resonance imaging (MRI) in the early 1980s provided significant improvements in the anatomical definition of normal structures as well as pathologic effects on the brain. However, the surgeon was still faced with the challenge of having to translate into 3D space the structural information provided by the 2D MRI slices. In an effort to solve this problem, significant work has been done to present MRI data in an intuitive configuration. The ability to segment MRI imagery and create 3D reconstruction of the various structures within the brain, vasculature, and cerebrospinal fluid pathways provides a significant advance in this domain. 3D reconstruction used for both preoperative surgical planning and intraoperative navigation has proven to be of great value in patient management. The growing number of resources on the field of 3D reconstruction (1) (2) (3) (4) (5) (6) and surgical navigators (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) have significantly reshaped the resources by enhancing the goals of resection available for cortical surgery.
Although numerous kinds of 3D reconstruction techniques have been proposed for surgical planning, the Surgical Planning Laboratory at Brigham and Women's Hospital, Boston, has developed the routine processing of MRI data to create 3D reconstructions for neurosurgical cases. A 3D navigator, developed in collaboration with the Artificial Intelligence Laboratory at the Massachusetts Institute of Technology, uses a skin-to-skin registration algorithm and infrared instrument tracking as a means for establishing correspondence between the 3D models and the patient in the surgical field (19) . The Surgical Planning Laboratory was founded in 1990 as a part of the MRI Division of the Department of Radiology. The image-guided neurosurgery project was created as part of an ongoing effort to implement the regular use of 3D reconstruction of patient data for surgical planning and intraoperative navigation. At present, 155 3D reconstructions of patients' brain for cortical surgeries have been completed.
3D RECONSTRUCTION

MRI Data
Our MRI division uses a specific image acquisition protocol for 3D model reconstruction. The MRI scans are acquired in a series of 124 postcontrast, spoiled gradientrecalled (SPGR) acquisition slices. Each is 1.5 mm thick with a 256 × 256 matrix of 240 × 240-mm field of view MRI images using a 1.5-T superconducting MRI system (Signa, GE Medical Systems, Milwaukee, WI). In addition, four other sequences are obtained: two axial T1-weighted spin-echo acquisitions before and after contrast administration, axial T2-weighted spin-echo images, and phase-contrast MR angiography. The MRI angiogram (256 × 256 matrix of 200 × 240-mm field of view) is obtained in either the sagittal or axial plane for reconstruction of vascular structures with a velocity encoding of 20 cm/s for venous structures on the cortical surface. Raw MRI images are digitally transferred to a workstation via network.
Image Processing
Each image is initially filtered using anisotropic diffusion filtering (20) . Segmentation using signal intensities and voxel connectivity (21, 22) is performed using each SPGR sequence. Models of each structure including the skin, brain, ventricles, lesion, vessels, and other relevant structures are generated using the marching cubes algorithm and surface rendering method (23) . The structures are then integrated into a single model (Creator3D, Sun Microsystems Inc., Mountain View, CA) and displayed on a workstation and a display program (LAVA, Sun Microsystems). The result is a 3D model that can be rotated, and each structure can become translucent or transparent.
Image Fusion
Image fusion, or registration, refers to the fusion of information into a common set of coordinate systems. Registration of SPGR images with other sequences, including the MR angiogram and T2-weighted images, which may show lesions otherwise absent from T1-weighted images, has previously been described (19) . Using this technique, multiple modalities such as computed tomography scanning for bony structures, single photon emission computed tomography data, and MRI may be combined into a single model.
SURGICAL PLANNING
An important use for 3D reconstruction is planning the surgical approach. Although MRI scans provide a great leap from the original viewing techniques for neurosurgery, they allow only a 2D view of the brain and therefore require a mental extrapolation into 3D space (1) . 3D models provide a way for the surgeon to view a colorcoded lesion that is a different color from normal surrounding tissue and to assess its position in relation to neighboring cortical structures from different angles. Because of the direct correspondence between the MRI scans and the 3D model, the cortical anatomy of the brain is depicted in detail, including the gyri and sulci, neighboring vessels, ventricles, and lesion ( Fig. 1) . Although the margins of tumors may be clearly apparent on a regular SPGR examination, certain lesions, notably those with low-grade features, may be less discernible. In such instances, other examinations, notably T2-weighted and proton density images, provide an additional source for tumor localization. The registration algorithms that have been developed provide a way to combine information from a series of modalities, including T1-weighted and T2-weighted images, proton density, and single photon emission data, onto the same MRI coordinates (19) . This allows the generation of a comprehensive model including input from all available sources. Overall, we have created 155 3D reconstructions for preoperative planning and subsequent surgical navigation (Tables 1, 2, 3); these include 19 cases using reconstruction alone, 55 cases using 3D video registration, and 81 cases using the 3D navigator.
Illustrative Case
A 38-year-old man with occasional word-finding difficulties and spontaneous reversion to different languages was admitted. The MRI examination revealed a
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space-occupying lesion in the left frontal lobe consistent with a primary low-grade tumor. A 3D reconstruction was generated based on the MRI scans. Because of the proximity of the tumor to the motor strip, the precentral gyrus was segmented separately and color-coded. The 3D reconstruction raised concern about the proximity of the lesion to Broca's speech area. Moreover, it became apparent from the model that a small portion of the lesion extended posteriorly underneath the surface. The surgical procedure was conducted under local anesthesia with speech monitoring and cortical stimulation. Intraoperative results revealed Broca's area to be located in the gyrus, flanked by the motor cortex and the lesion. The 3D model was also used to determine the boundaries of the tumor that extended beneath the speech cortex. Careful monitoring was done to ensure a safe and complete resection. The patient tolerated surgery extremely well and showed no new neurologic deficits (see Fig. 1 ).
FIG. 1. (A)
MRI scan showing a low-intensity mass in the left frontoparietal region. (B) 3D reconstruction based on the preoperative MRI scan. The motor cortex is shown in pink, the brain in white, the vessels in red, the tumor in green, and the ventricles in blue. 
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INTRAOPERATIVE NAVIGATION
Although 3D reconstruction offers an intuitive way of visualizing a lesion in relation to neighboring structures, correlation between the model and the patient's brain in the surgical field remains challenging, given the spatial limitations of a craniotomy. In addition, the textural similarities between some cortical tumors and normal brain parenchyma pose an additional challenge to the accurate differentiation of normal from abnormal tissue by common magnification techniques.
3D reconstructions are often routinely used for intraoperative navigation. This application of enhanced highspeed computer graphics to support neurosurgical procedures integrates all the information acquired before surgery and correlates it directly with the patient in the operating room. Most surgical specialties have other anatomical cues to identify the various structures as they proceed through a surgical endeavor. The neurosurgeon can use the neuroanatomy, but this is often significantly distorted by the local pathology to a point where the functional anatomy of the motor, sensory, or cranial nerve or other pathways cannot be determined from standard or magnified surgical visualization alone.
In our laboratory, we have used two types of navigation systems involving the 3D model for intraoperative guidance: video registration (24) and laser-based or optically tracked light-emitting diode (LED) navigation (25) . Both systems use both MRI scans and the corresponding 3D reconstruction as a guide during the surgery.
Video Registration
Video registration has proven to be most useful in cortical or subcortical lesions, where depth information is not required (23) . Using this technique, an image of the 3D model is superimposed on the craniotomy site and simultaneously displayed on a video screen. Registration of the 3D model to the patient is done using either skinto-skin registration or vessel-to-vessel registration (7). The former involves obtaining a digital map of the patient's skin contour, which is then matched to the skin contour generated in the 3D model. This is the method we currently use. Initially, the 3D model is displayed on a workstation screen and converted to a standardresolution video format using a scan converter (CVS-980 NTSC scan converter, YEM, Okada, Japan). After the patient's head is properly positioned in the Mayfield clamp, a CCD video camera (TK-1070U with HZ-C611 AF lens, JVC, Tokyo, Japan) is positioned to display the patient's head according to the surgeon's view. The video camera's image is merged with the image of the 3D model using a video mixer (WJ-AVE5, Panasonic, Tokyo, Japan) and displayed on the monitor. The 3D model is translated, scaled, and rotated, and its projection is superimposed onto the video image of the patient's head. The skin-to-skin registration is conducted using known landmarks on the skin surface. After the dura mater is opened, the registration is refined using cortical surface vessels (7) . The surgeon is asked to point to surface vessels, and this digital point is then matched to the corresponding point on the 3D model. This method may not offer the best overall correspondence between the overall patient head and the 3D model, but it does provide a higher accuracy for a focused cortical area.
Fifty-five reconstructions were made for preoperative planning and then used for video registration (see Table  2 ). These lesions were of varied origin and were found throughout the cortex. Most procedures (34/55) were performed under local anesthesia.
Illustrative Case
A 50-year-old woman had left temporal headaches but reported no visual changes, muscle weakness, nausea or vomiting, or gait changes. The radiologic examination revealed a heterogeneous enhancing mass in the right temporal lobe measuring approximately 7 × 5 × 4.5 cm, with surrounding edema and mass effect on surrounding structures. A 3D reconstruction of the patient's brain was made using the preoperative MRI scans. The patient underwent a right temporal craniotomy with video registration. During surgery, the 3D model was overlaid on a video projection of the patient's brain in the surgical field. This allowed the surgeons to plan the craniotomy and determine the boundaries of the lesion. The patient tolerated the procedure well, and a follow-up computed tomography scan revealed no residual tumor.
Frameless Surgical Navigation
Although video registration is a useful tool for tumor localization and surface boundary determination, it does not include information about depth. As a result, an LED-based surgical navigator was developed in collaboration with the Artificial Intelligence Laboratory at the Massachusetts Institute of Technology. This real-time, frameless, stereotactic device developed in the laboratory is currently used two or three times a week in our operating rooms (25) .
Registration is necessary to establish a correspondence between the preoperative MRI scans and 3D reconstruction with the patient in the surgical field. This is done using a dynamic reference frame carrying three LEDs, which is fixed onto the Mayfield clamp next to the pa-
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tient's head. Several points from the patient's skin are recorded using an LED probe; they in turn are tracked using an optical digitizer. The points recorded in real space are then matched to the 3D model using a twostage process. An initial alignment is obtained by recording the real-space location of three points, followed by manually matching those points on the MRI model. This initial registration is refined by finding the optimal transformation that aligns all of the points onto the skin surface of the model (25) . The surgeon verifies the registration by pointing an LED probe to anatomical landmarks (e.g., the tip of the nose or the nasion) to confirm correspondence between the patient and the 3D model and MRI slices. During surgery, the surgeon uses a sterile LED probe to point to any point on or inside the patient's brain. Any location may be recorded and displayed on the 3D model using an arrow or sphere (Fig. 2) .
This technique provides intuitive spatial information to the surgeon as well as functional information based on the brain's architecture on the 3D model. Any site to which the surgeon points with the probe is instantly displayed on the 3D model and on the preoperative MRI images in three orthogonal planes. This allows planning of the craniotomy on the skin and on the skull. Further, it allows localization of the tumor as well as determining its boundaries, both on the cortical surface and deep within the brain. The 3D model is more commonly used for tumor localization and anterior-posterior and superior-inferior tumor boundary determination. The crosssections are commonly used for depth information. The opacity of any structures displayed on the model may be varied, therefore allowing virtual x-ray vision throughout the surgery. This system's ability to record desired points on the surface of the 3D model offers a way to establish a direct 
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correspondence between the surgical field and the 3D model. This is particularly useful during direct cortical stimulation, which is still considered the gold standard of determining cortical function (26) . As a result, the functional results obtained from direct cortical stimulation are recorded on the brain model, which offers a more global perspective of intraoperative functional results in relation to the whole brain than the traditional method of marking eloquent cortex using plastic strips placed directly on the cortex.
Eighty-one procedures were carried out using the 3D surgical navigator in our operating rooms (see Table 3 ). The system was used for all types of tumors located throughout the cortex. Most procedures were performed under local anesthesia (65/81) to allow direct cortical mapping and monitoring.
This system has also proven useful in patients with epilepsy, where the position of subdural electrode grids and strips may be recorded on the brain models. These points are used to correlate neurologic results with anatomical location (27, 28) . To date, 10 procedures have been conducted in patients with epilepsy using this technique (see Tables 1, 2, 3) .
Illustrative Case
A 33-year-old man with a history of intermittent headaches was admitted. The MRI scan revealed a 5 × 5 × 4-cm mass in the left frontal lobe, extending to the surface of the brain. A 3D model was reconstructed. This lesion showed a large cystic portion, with no visible distinct margins. The cystic portion of the lesion was depicted in light blue to differentiate it from the rest of the tumor. A frontotemporal craniotomy was performed, using the surgical navigator to delineate the margins of the lesion on the skin surface. Because of the proximity of the lesion to the motor cortex, the surgery was conducted under local anesthesia. Cortical stimulation was performed to outline the eloquent areas surrounding the lesion. With the combination of this information and the use of the surgical navigator to determine the lesion's margins, it was subsequently removed totally. The histopathology revealed the tumor to be a meningioma, although its appearance on the MRI scan did not suggest this diagnosis. After surgery, the patient showed no postoperative neurologic deficits (Fig. 3) .
INTEGRATION OF MODALITIES
In addition to the data provided by MRI scans, information acquired before surgery can be obtained from functional mapping of anatomical data sets, which are then incorporated directly into the 3D MRI reconstruction. In the past, the ability to map motor cortex depended primarily on direct cortical stimulation (26) . Recently, several noninvasive techniques have been developed: transcranial magnetic stimulation (TMS), magnetoencephalography, functional MRI, positron emission tomography (PET) scanning, and single photon emission computed tomography (SPECT) scanning.
SPECT scanning alone does not appear to have the resolution needed for accurate surgical planning (29) . Similarly, PET has been said to localize the motor strip accurately, but the present resolution of PET scanning may not be adequate to ensure that an area will not be affected by surgery (28) . Much effort has been devoted to perfecting noninvasive functional assessment methods 
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such as TMS (30, 31) and functional MRI (32) . TMS has recently gained attention as a method of assessing the functional map of the cortical surface before surgery. This method uses a magnetic impulse to stimulate discrete areas of the cortex to elicit a motor (30) or visual suppression response (31) . Our center has recently integrated 3D reconstructions with TMS results. Using the navigator, the position of the magnetic coil is tracked using two LEDs and displayed on the 3D model. This allows proper and efficient placement of the coil over and around the relevant gyri. The responses to each magnetic stimulus are recorded as vectors from the skin to the brain and are color-coded according to the level of the response. All of this information can then be merged with the structural MRI, resulting in a single unified model for presentation to the surgeon. Functional MRI has also gained momentum for cortical study. This noninvasive technique uses the changes in blood oxygenation of brain areas on activation (32) . Results can also be registered on the same coordinates as the structural MRI, providing an additional source of information about the functional anatomy of the brain in or near the area of the lesion. Tremendous benefit can be gained by bringing stereotactically linked MR, CT, SPECT, and functional mapping data into the active field of perception of the neurosurgeon during a neurosurgical procedure. During surgery, the reconstructed model and especially the functional data from TMS and functional MRI can be compared with direct cortical stimulation. The thorough array of functional data available to the surgeon optimizes the chances of a safe resection of cortical lesions near the eloquent cortex (see Fig. 3 ).
ADVANTAGES OF 3D RECONSTRUCTION FOR CORTICAL TUMOR RESECTION
There are several advantages for 3D reconstructions in neurosurgery. First, it allows 3D visualization of 2D MRI scans. It provides an intuitive way of visualizing the lesion in relation to its neighboring cortical structures. If the lesion lies in eloquent cortical areas, the anatomical information provided by the 3D models, such as on which gyrus it is located or how far it is from the estimated functionally relevant gyri, provides the surgeon with an additional tool for a noninvasive, preoperative evaluation and estimation of the intraoperative risks.
Second, 3D reconstruction, when used in conjunction with our surgical navigation methods, is of great benefit during surgery. The anatomical data provided by the 3D model, when used in conjunction with cortical stimulation results, allows the fusion of structural information with functional information. The features integral to 3D reconstructions for video registration and frameless stereotactic navigation include a variable opacity, full rotatability, and integration of different MRI modalities, such as T1-weighted, T2-weighted, MR angiograms, functional MRI, and TMS. Together with the intraoperative functional data, these provide a comprehensive tool for safer resection of cortical tumors. The combination of all techniques optimizes the available resources for the surgeon and as a result reduces his or her anxiety in high-risk procedures.
CURRENT LIMITATIONS AND FUTURE APPLICATIONS
Although many surgical procedures have been conducted under 3D reconstruction guidance for preoperative planning and navigation, some points remain to be addressed. An important question is whether these techniques actually improve the patient's overall quality of life. These techniques at our institution are a useful tool for the neurosurgeons, but their efficacy at changing the course of the patient's illness remains to be demonstrated. A retrospective study is being conducted on the extent of resection in patients who had or did not have 3D reconstruction for surgical planning or navigation and the corresponding postoperative neurologic deficits.
Another major limitation of this system is the time required to complete each reconstruction and the expertise required by the operator. Currently, each reconstruction takes approximately 3 to 6 hours. A preoperative scan must be performed 1 to 2 days before surgery. Moreover, a neurosurgeon must be available to ensure the accuracy of the tumor margin delineation for the reconstruction. Finally, operation of the navigation systems in the operating room requires the presence of a trained person throughout the procedure. These limitations reduce the number of procedures that can be performed per week.
3D reconstruction in the conventional operating room uses preoperative MRI scans as a basis for navigation. However, a craniotomy causes significant brain shift. Naturally, in small cortical lesions, the brain shift is much less than in larger lesions. However, the navigator becomes less accurate as the excision of the lesion progresses as a result of the brain shift that occurs after tumor excision. This major drawback of this system can be overcome using an intraoperative MRI, which has been described previously (33, 34) .
Future applications include improving the surgical navigator software for speedier reconstructions and broadening the 3D reconstructions to include intraopera-
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tive electrophysiologic data. Brain shift is being studied in the intraoperative MR scanner to gain a better understanding of its patterns in different procedures. In the future, these results will help anticipate the brain changes as a result of a craniotomy and facilitate the use of the surgical navigator in conventional operating rooms.
Removing a maximum amount of diseased tissue while preserving all neurologic functions of the patient remains the primary goal of neurosurgeons. The collaboration between the medical and computer sciences provides a unique opportunity to assess the demands of surgeons in the operating room and consequently to design the technology that will improve the resources available for optimizing surgery for cortical tumors.
